Squamous cell cancers account for more than half of all human cancers, and esophageal cancer is the sixth leading cause of cancer death worldwide. The majority of esophageal squamous cell carcinomas have identifiable p53 mutations, yet the same p53 mutations are found at comparable frequencies in precancerous dysplasia, indicating that transformation requires additional somatic changes yet to be defined. Here, we show that the zinc finger transcription factor Kr€ uppel-like factor 5 (KLF5) transactivates NOTCH1 in the context of p53 mutation or loss. KLF5 loss limited NOTCH1 activity and was sufficient on its own to transform primary human keratinocytes harboring mutant p53, leading to the formation of invasive tumors. Restoration of NOTCH1 blocked transformation of KLF5-deficient and p53-mutant keratinocytes. Although human dysplastic epithelia accumulated KLF5, KLF5 expression was lost concurrently with NOTCH1 in squamous cell cancers. Taken together, these results define KLF5 loss as a critical event in squamous cell transformation and invasion. Our findings suggest that KLF5 may be a useful diagnostic and therapeutic target in esophageal squamous carcinomas and possibly more generally in other cancers associated with p53 loss of function. Cancer Res; 71(20); 6475-84. Ó2011 AACR.
Introduction
More than half of all human cancers arise from squamous epithelia (1, 2) . In particular, esophageal squamous cell cancer accounts for more than 400,000 new cases annually and is almost universally fatal. Although alterations in a number of genes have been linked to the development of human esophageal squamous cell cancer, most genetic changes were identified by examining existing cancers (3) . Thus, little is known about the molecular changes underlying transformation and carcinogenesis in humans. p53 mutations are common in esophageal malignancy yet are early events and do not induce invasive squamous cell cancer by themselves, suggesting that part of the oncogenic pathway is missing (4) (5) (6) . In addition, the development of esophageal squamous cell cancer models that of other squamous cell cancers, which together account for nearly 1 million deaths annually (2, 7, 8) and in which p53 mutation or loss of function is also frequent but not sufficient for transformation (9) (10) (11) (12) .
p53 status may influence the function of Kr€ uppel-like factor 5 (KLF5; ref. 13 ), a zinc finger transcription factor that is frequently proproliferative, including in primary esophageal keratinocytes (14) , but is growth inhibitory in esophageal cancer cells (15) . KLF5 has been implicated in transformation in several contexts (16) (17) (18) , but no evidence of cellular transformation is seen with constitutive Klf5 expression in esophageal epithelial cells (14) , and overexpression of Klf5 in esophageal epithelia in vivo leads to increased proliferation but no dysplasia or cancer (19) . A context-dependent role of KLF5 is seen in other tissues but is not well understood (20, 21) . We hypothesized that KLF5 loss might synergize with p53 mutation or loss in squamous cells to promote transformation and tumorigenesis.
Materials and Methods

Cell culture
Isolation of primary human esophageal keratinocytes (EPC2 cells) and retroviral transduction of human telomerase reverse transcriptase (hTERT), SV40 T-antigen, H-Ras
G12V
, and p53
R175H
to generate EPC2-hTERT, T-Te, T-TeRas, and EPC2-hTERTp53 R175H cells, respectively, have been previously described (22, 23) . EPC1 and EPC2 cells were a gift of Dr. Anil Rustgi (University of Pennsylvania). EPC1 cells were transduced with hTERT (EPC1-hTERT) and p53 R175H (EPC1-hTERT-p53 R175H ) as for EPC2 cells (24) . Human primary epidermal keratinocytes were purchased from the American Type Culture Collection (ATCC product PCS-200-011). The following cell lines were  used: TE1, TE2, TE5, TE7, TE8, TE9, TE10, TE11, TE12. TE15 , and HCE4 for esophageal squamous cell cancer (25, 26) ; SCC9, SCC15, SCC25, Detroit 562, A253, and OCTT2 (gift of Dr. Devraj Basu, University of Pennsylvania) for oropharyngeal squamous cell cancer (27) (28) (29) (30) ; HaCat for skin squamous cell cancers (31) ; H1263 for lung squamous cell cancer (gift of Dr. Sunil Singhal, University of Pennsylvania); and SiHa and HeLa for cervical squamous cancer (32, 33) . Primary keratinocytes were grown at 37 C and 5% CO 2 in keratinocyte serum-free medium (K-SFM; Invitrogen), supplemented with 40 mg/mL bovine pituitary extract (Invitrogen), 1.0 ng/mL epidermal growth factor (EGF; Invitrogen), 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen). Squamous cancer cell lines were grown in 1:1 Dulbecco's Modified Eagle's Medium (DMEM)/Ham's F12 medium (Invitrogen) with 10% FBS (Sigma-Aldrich). For demethylation treatment, cells were grown to 60% confluence in 100-mm dishes, and 5-azacytidine, dissolved in sterile water, was added at 1 or 5 mmol/L into the growth medium. The medium was changed every 24 hours for 5 days.
Viral constructs and infection
To express human KLF5 and NOTCH1 intracellular domain (NICD), cDNAs were subcloned into the pRevTre retroviral vector (Clontech). Lentiviral vector pTripz (Thermo Scientific Open Biosystems) was used to express 3 distinct short hairpin RNAs (shRNA) against KLF5 (Thermo Scientific Open Biosystems; catalogue No. RHS4743). shRNA against p53 was cloned into the pLKO.1-TRC lentiviral cloning vector (Addgene plasmid 10878; ref. 34 ). Inserts were verified by DNA sequencing. For retroviral packaging, pRevTre and pRevTet-on retroviral vectors (Clontech) were transfected into Phoenix-Ampho cells (ATCC product SD 3443) with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Virus-containing medium was harvested 48 and 72 hours after transfection and filtered with 0.45-mm MicroFunnel filters (Pall Life Sciences). Keratinocytes were infected with culture supernatants from individual Phoenix-Ampho cells at a 1:6 dilution in K-SFM. Cells were passaged after 24 hours and selected with 300 mg/mL G418 and 1 mg/mL hygromycin for 14 days. Lentivirus was packaged by cotransfecting constructs into HEK 293T cells with the lentiviral packaging plasmids pCMVdR8.74 (35) and pMD2.VSVG (Addgene plasmid 12259). Nonsilencing TRIPZ lentiviral inducible shRNAmir (Thermo Scientific Open Biosystems; catalogue No. RHS4743) was used as a control for shRNA experiments. The core sequences of the shRNA are shown in Supplementary Table S1 . After confirming successful knockdown with all constructs, KLF5 shRNA#2 and p53 shRNA#1 were used for subsequent experiments except as noted.
Quantitative real-time PCR
Total RNA was isolated with the RNeasy Micro Kit (Qiagen), and cDNA was synthesized with Superscript II reverse transcriptase (Invitrogen), as described previously (36) . Quantitative real-time PCR was carried out in triplicate on 3 samples for each experimental condition, using an ABI Prism 7000 sequence detection system (Applied Biosystems) and SYBR Green PCR Master Mix (Applied Biosystems). TATA boxbinding protein was used as an internal control. Primer sequences are listed in Supplementary Table S2 .
Western blotting
For each sample, 30 mg of total protein was separated on a NuPAGE 4% to 12% Bis-Tris acrylamide gel (Invitrogen) and transferred onto polyvinylidene difluoride membrane (Millipore), as described previously (14) . After blocking with 5% non-fat milk in PBS with 0.2% Tween-20, membranes were incubated overnight at 4 C with 1:5,000 rabbit anti-KLF5 (generated against amino acids 106-122 of human KLF5 by Biosource International/QCB; ref. 15) or 1:1,000 goat antihuman NOTCH1 (Santa Cruz Biotechnology); membranes were then incubated with a 1:3,000 dilution of antirabbit/ horseradish peroxidase or antimouse/horseradish peroxidase (GE Healthcare Life Sciences) and developed with the enhanced chemiluminescence plus Western blot analysis kit (GE Healthcare Life Sciences).
Chromatin immunoprecipitation assays
Chromatin immunoprecipitation (ChIP) assays were conducted in triplicate with the ChIP Assay Kit (Millipore; ref. 14) . Cells were treated with 1% formaldehyde for 10 minutes to cross-link associated protein to DNA, lysed, and then sonicated. After a 10-fold dilution, the samples were precleared with protein A-agarose/salmon sperm DNA for 30 minutes at 4 C and incubated overnight at 4 C with 1:5,000 rabbit anti-KLF5 (15), 1:1,000 mouse anti-p53 (Vector Laboratories), or 1:500 antimouse IgG (Sigma-Aldrich) as a negative control. Protein-DNA complexes were then precipitated with protein A-agarose for 1 hour at 4 C, heated at 65 C for 4 hours, and treated with proteinase K. Final DNA was extracted with phenol/chloroform. Quantitative PCR was carried out with Power SYBR Green Master Mix for 25 cycles. A DNA fragment was amplified with primers corresponding to the region from À989 to À780 bp upstream from the translation start site of the NOTCH1 gene. Primer sequences are listed in Supplementary Table S3 .
Luciferase reporter assays N1PR-Luc, containing the 5 0 regulatory region of the human NOTCH1 gene from À961 to À1 upstream of the translation start site, and N1PRmt-Luc, created by mutating multiple p53-binding repeats located between nucleotides À880 and À783, were gifts of Dr. Tohru Kiyono (National Cancer Research Institute, Tokyo, Japan; ref. 37) . Using the computational program TESS (38), we identified 4 putative KLF5 binding sites in the region from À894 to À806 (Supplementary Fig. S1 ). N1PRmt2-Luc was created by introducing mutations into 2 putative, proximal KLF5 binding sites in N1PRmt-Luc, using the Stratagene QuikChange Multi Site-Directed Mutagenesis Kit (Agilent Technologies). The CBF1 luciferase reporter plasmid (8 0 CBF1) was as described (39) . Cells infected with shRNA-expressing lentivirus were induced with doxycycline 2 mg/mL for 48 hours and then transfected at 50% confluence with the different reporter plasmids in triplicate on 24-well plates, using FuGENE 6 Transfection Reagent (Roche Applied Science). Cells were lysed at 48 hours with Cell Lysis Buffer (BD Biosciences), and luciferase reporter activity was analyzed with Dual-Luciferase Reporter Assay System (Promega) with a microtiter plate luminometer (Dynex Technologies). Luciferase activity was normalized to Renilla activity and expressed as relative luciferase activity. For studies of KLF5 overexpression, cells were cotransfected with pCMV6-KLF5 (OriGene) and the different reporter plasmids.
In vitro transformation assays
For studies of transformation in soft agar, 6-well plates were coated with 1% low-melting agarose (Lonza Rockland) in a 1:1 ratio of DMEM (Invitrogen)/KBM (Lonza Rockland) supplemented with bovine pituitary extract 30 mg/mL (Invitrogen), EGF 0.5 ng/mL (Invitrogen), 5% FBS (Sigma-Aldrich), and penicillin-streptomycin (Invitrogen). A total of 2.5 Â 10 4 cells were suspended per well and overlaid with 1% low-melting agarose (Lonza Rockland) in DMEM/KBM at 1:1 ratio supplemented with BPE 30 mg/mL, EGF 0.5 ng/mL, 5% FBS, and 1% penicillin-streptomycin, and plates were incubated in 5% CO 2 at 37 C for 2 weeks. Colonies was visualized by staining with 0.001% crystal violet and counted in at least 10 low-power fields from 3 individual experiments.
Bisulfite conversion PCR sequencing
Genomic DNA was extracted from cell lines with the QIAamp DNA Mini Kit (Qiagen), and 2 mg of DNA was used for the bisulfite conversion reaction with EpiTec Bisulfite Kit (Qiagen) following the manufacture's instructions. Primers were generated by MethPrimer (40) , and the bisulfite-treated DNA was amplified in a 25-mL reaction volume with primer pairs from À686 to À457 or from À476 to þ17 in the upstream regulatory region of the human KLF5 gene. After cleanup with the QiAquick PCR Purification Kit (Qiagen), PCR products were directly sequenced, and data were analyzed with BiQAnalyzer software (41) . Primer sequences are listed in Supplementary Table S4 .
Animal studies
All animal studies were approved by the University of Pennsylvania Institutional Animal Care and Use Committee. Mice were maintained under pathogen-free conditions, and a total of 1 Â 10 7 cells in 100 mL of PBS were injected subcutaneously into each lower flank of 5-to 8-week-old female SCID/NCr mice (NCRNU-M; Taconic). All animals received doxycycline at a concentration of 1 mg/mL with 1% sucrose in their daily drinking water. Tumor diameters were measured with digital calipers, and the tumor volume was calculated in cubic millimeters. Animals were followed for 35 days, and all animals were sacrificed at the conclusion of the experiment. A total of 5 mice were used for each cell line.
Organotypic culture
Matrix was premade 7 days before organotypic culture experiments by mixing Matrigel (BD Biosciences) and bovine tendon acid-extracted collagen (Organogenesis) at a 1:1 ratio with 7.5 Â 10 4 human skin fibroblast cells in 1Â minimal essential medium with Earle's salts (Lonza Rockland), 1.68 mm L-glutamine (Cellgro), 10% FBS (Hyclone), and 0.15% sodium bicarbonate (Lonza Rockland). A total of 5 Â 10 5 keratincoytes were seeded onto matrix placed in 6-well plates and maintained for a total of 7 days (42). Cells were then fed with Epidermalization I medium for 2 days, which is a 3:1 mixture of DMEM (JRH Biosciences)/Ham's F12 (Invitrogen), supplemented with 4 mmol/L L-glutamine, 0.5 mg/mL hydrocortisone, 0.1 mmol/L O-phosphorylethanolamine, 20 pmol/L triiodothyronine, 0.18 mmol/L adenine, 1.88 mmol/L CaCl 2 , 4 pmol/L progesterone (Sigma); 10 mg/mL insulin, 10 mg/mL transferrin, 10 mmol/L ethanolamine, 10 ng/mL selenium (Lonza Rockland), and 0.1% chelated newborn calf serum (Hyclone). For the following 2 days, cells were fed with Epidermalization II medium, which is identical to Epidermalization I except that it contains 0.1% unchelated newborn calf serum. Cells were then raised to the air-liquid interface and cultured in Epidermalization III medium for 3 days containing the same growth supplements as Epidermalization II except 2% newborn calf serum. At the conclusion of the experiment, cells were fixed with 10% formaldehyde, embedded in paraffin, sectioned at 5 mm, applied to Probe-on Plus slides (Thermo Fisher Scientific), and stained with hematoxylin and eosin. Images were captured on a Nikon Eclipse E600 microscope (Nikon Instruments) equipped with a Photometrics CoolSNAP charge-coupled device camera (Roper Scientific).
Human tissues
All studies involving human tissues were evaluated by the University of Pennsylvania Institutional Review Board. Tissues (n ¼ 7) containing adjacent normal, dysplastic, and esophageal squamous cell cancer were obtained as paraffin blocks, sectioned at 5 mm, and applied to Probe-on Plus slides. A representative sample was stained with hematoxylin and eosin and evaluated for normal epithelia, high-grade dysplasia, and invasive squamous cell cancer by a trained gastrointestinal pathologist (A.R. Sepulveda). For immunochemistry, after wax removal and rehydration, slides were immersed in 10 mmol/L citric acid buffer (pH 6.0) and microwaved for 15 minutes for antigen retrieval. Nonspecific binding of avidin-biotin was blocked with the Avidin/Biotin Blocking Kit (Vector Laboratories), and nonspecific antibody binding was blocked with StartingBlock T20 Blocking Buffer (Thermo Fisher Scientific). Sections were incubated overnight at 4 C with 1:2,000 rabbit anti-KLF5 (15) or 1:500 goat anti-NOTCH1 (Santa Cruz Biotechnology), 5% bovine serum albumin, and 0.2% Triton X-100 in PBS. Biotinylated speciesspecific secondary antibodies (Vector Laboratories) were added, and antibody binding was detected with the Vectastain Elite ABC Kit (Vector Laboratories) and the DAB Peroxidase Substrate Kit (Vector Laboratories), followed by counterstaining with hematoxylin. KLF5 expression was scored by a trained gastrointestinal pathologist (A. Goyal), using the following scale: 0, no staining; 1, very weak staining; 2, weak staining; 3, moderate staining; 4, strong staining; and 5, very strong staining. For each normal tissue, high-grade dysplasia, and invasive squamous cell cancer, 100 cells were scored.
Statistical analyses
Results were expressed as mean AE SEM, with statistical significance of differences between experimental conditions established at 95% CI. The Student t test, 2-sample F test, and R 2 linear regression were carried out with the Analysis ToolPak for Excel (Microsoft). The Fisher exact test P value was used for comparison of tumor numbers in mice.
For tumor xenograft studies in mice, we estimated 5 mice per group (N ¼ 10 per group because of 2 tumor sites per mouse) to detect differences in the proportion of mice having tumor formation, using 90% power and an a level of 0.05, based upon assumptions detailed in Supplementary  Table S5 .
Results
Initially, we examined KLF5 expression in an established, step-wise esophageal transformation model in which primary human esophageal keratinocytes (EPC2 cells) were immortalized by hTERT without (EPC2-hTERT cells) or with SV40 Tantigen (T-Te cells) and then transformed by H-ras V12G , resulting in the creation of a tumorigenic, transformed cell line (T-TeRas cells; refs. 22, 23) . Parental EPC2 and EPC2-hTERT cells, which retain normal growth control and senescence and show no malignant changes (23, 24) , expressed KLF5 at similar levels to T-Te cells (Supplementary Fig. S2 ), which lack functional p53 due to the presence of SV40 Tantigen (43) but are not transformed (22) . In contrast, KLF5 expression was lost in transformed (22) T-TeRas cells; the mechanism of this loss seemed to be the increased methylation of KLF5. The proximal promoter of KLF5 contains a large number of CpG islands ( Supplementary Fig. S3A ), which were hypermethylated in T-TeRas compared with parental EPC2-hTERT cells ( Supplementary Fig. S3B and C) , and demethylation of T-TeRas cells reestablished KLF5 expression (Supplementary Fig. S3D ), consistent with a role for promoter hypermethylation in silencing KLF5.
To determine the functional consequences of KLF5 and p53 loss in keratinocytes, we used shRNA to silence KLF5 in EPC2-hTERT cells, as well as EPC2-hTERT cells containing the hotspot mutation p53 R175H (Supplementary Fig. S4A and B; ref. 24) or knockdown of p53 with shRNA ( Supplementary  Fig. S4C ). Of note, codon 175 is the most frequent mutation site in esophageal squamous cell cancers (11) , and p53 R175H inhibits p53 DNA binding, while also exerting some gain-offunction properties (44) . The keratinocyte tumor suppressor NOTCH1 is a direct transcriptional target of p53 (37, 45) , and we postulated that KLF5, an important transcriptional regulator (20) , might be critical for maintenance of NOTCH1 expression in the context of p53 mutation or loss. In esophageal keratinocytes with wild-type p53, expression of NOTCH1 protein (Fig. 1A) and mRNA (Fig. 1B) was unchanged with KLF5 suppression alone, whereas cells with p53 R175H or p53 knockdown had reduced full-length and intracellular NOTCH1 when KLF5 was suppressed. KLF5 suppression also inhibited Notch signaling in cells with p53 R175H or p53 knockdown, as indicated by decreased expression of the Notch target gene HES1 (Fig. 1C) and reduced CBF1 reporter activity (Fig. 1D) .
The NOTCH1 promoter contains a number of overlapping p53 (37, 45) and putative KLF5 binding sites ( Supplementary  Fig. S1 ). In EPC2-hTERT cells, p53 preferentially bound NOTCH1 ( Fig. 2A) , but in cells with p53 R175H or p53 suppression, we observed a reciprocal increase in KLF5 binding to NOTCH1 (Fig. 2B) . KLF5 induction in EPC2-hTERT-p53 R175H cells (Fig. 2C) , but not parental EPC2-hTERT cells (Supplementary Fig. S5 ), activated both wild-type NOTCH1 reporter (N1PR) and a NOTCH1 reporter with mutations in the p53 binding sites (N1PRmt; ref. 37) , whereas KLF5 suppression downregulated N1PR and N1PRmt (Fig. 2D) . The effects of KLF5 on NOTCH1 were blocked by additional mutations to 2 KLF5 binding sites of the NOTCH1 reporter (N1PRmt2). R175H became spindle shaped (arrows) compared with the rounded, epithelioid appearance with KLF5 knockdown alone, consistent with a mesenchymal phenotype and EMT. B, quantification revealed a statistically significant difference in the number of spindle-shaped cells with both KLF5 knockdown and p53 R175H compared with KLF5 knockdown or p53 R175H alone. C, growth in soft agar was seen with both KLF5 knockdown and p53 R175H but not with either KLF5 knockdown or p53 R175H alone. Restoration of Notch signaling with NICD inhibited colony formation in soft agar of EPC2-hTERT cells with KLF5 knockdown and p53 R175H .
To determine whether KLF5 loss had a functional role in keratinocyte transformation, we examined keratinocytes for 14 days after KLF5 suppression (Supplementary Fig. S6A ). Keratinocytes typically maintained a rounded, epithelioid appearance in culture, but EPC2-hTERT-p53 R175H keratinocytes with KLF5 knockdown developed a spindle-shaped appearance ( Fig. 3A and B; Supplementary Fig. S6B and C) consistent with epithelial-to-mesenchymal transition (EMT; ref. 46) . EMT in keratinocytes with KLF5 suppression and p53 R175H was confirmed by induction of Snail, Twist, FOXC2, ZEB1, and ZEB2, the mesenchymal markers MMP2 and MMP3, downregulation of Desmoplakin, and the cadherin "switch" ( Table 1 ; Supplementary Fig. S6D; ref. 46 ). In addition, EPC2-hTERT-p53 R175H cells with KLF5 knockdown formed colonies in soft agar, in contrast to keratinocytes with either KLF5 Figure 4 . KLF5 loss in the presence of mutant p53 leads to tumor growth and invasion in vivo and in vitro. A, primary human esophageal keratinocytes with both KLF5 knockdown and p53 R175H but not either alone formed tumors in SCID/NCr mice. B, xenograft tumors from keratinocytes with both KLF5 knockdown and p53 R175H had islands of invasive tumor cells containing abundant eosinophilic cytoplasm and large hyperchromatic and pleomorphic nuclei with numerous mitoses (arrowheads), in a background of desmoplastic stroma. Tumor cells also showed intercellular bridges (arrows), consistent with squamous cell differentiation. Magnification, Â100. C, in organotypic culture, primary human esophageal keratinocytes with p53 R175H underwent normal stratification; cells with KLF5 knockdown failed to stratify normally, consistent with the roles of KLF5 in proliferation and migration of nontransformed keratinocytes. When KLF5 was silenced and p53 R175H was expressed, keratinocytes were less mature with increased nuclear-to-cytoplasmic ratios and microinvasion, characterized by invasive nests and small, detached islands of neoplastic squamous epithelia (arrows). Expression of NICD in cells with KLF5 suppression and p53 R175H blocked transformation and invasion. Magnification, Â200. EPC2-hTERT  TE1  TE7  TE6  TE5  TE2  TE8  TE9  TE10  TE11  TE15  TE12 Relative p21 mRNA level
Relative KLF5 mRNA level Relative NOTCH1 mRNA level Relative KLF5 mRNA level Figure 5 . KLF5 is lost in human esophageal squamous cell cancer. A, KLF5 was normally expressed in a gradient with highest levels in basal and suprabasal cells. In high-grade dysplasia, strong nuclear KLF5 expression was seen throughout esophageal epithelia; expression was lost in invasive esophageal squamous cell cancers. Magnification, Â100. B, quantitatively, the average score for KLF5 staining per cell increased by 70% from normal (NML, n ¼ 6) epithelia to high-grade dysplasia (HGD, n ¼ 5), but decreased by 45% and 70%, respectively, from NML or HGD to invasive squamous cell cancer (CA, n ¼ 6). Furthermore, 37% of NML, 11% of HGD, and 59% of CA cells had no staining, whereas the percentage with scores of 2 or more was 17% for NML, 39% for HGD, and 6% for CA. C, esophageal squamous cell cancer lines lost KLF5, NOTCH1, and p21
Waf1/Cip1 expression by quantitative real-time PCR. D, KLF5 expression in esophageal squamous cell cancer lines was highly correlated with NOTCH1 and p21
Waf1/Cip1 expression.
markers and by colony formation (Supplementary Fig. S8A ). These findings were confirmed in a second independent human esophageal keratinocyte line, EPC1 (24; Supplementary  Fig. S8B-D) .
To investigate the effects of KLF5 loss on tumor formation and invasion, we conducted xenograft studies in mice and grew keratinocytes in 3-dimensional organotypic culture. When EPC2-hTERT-p53 R175H -KLF5 shRNA cells were injected into SCID/NCr mice, tumors developed in 4 of 10 sites, compared with 0 of 10 sites for mice with EPC2-hTERT cells or cells with KLF5 suppression or p53 R175H alone (P ¼ 0.009), with a significant difference in average tumor volume (Fig. 4A) . Tumors from EPC2-hTERT-p53 R175H -KLF5 shRNA xenografts were characteristic of invasive squamous cell carcinoma (Fig. 4B) . In organotypic culture, keratinocytes with both KLF5 suppression and p53 mutation but not either alone showed neoplastic changes and invasion (Fig. 4C) , whereas induction of NICD in EPC2-hTERT-p53 R175H -KLF5 shRNA cells blocked these effects. Interestingly, EPC2-hTERT cells with KLF5 knockdown formed thin epithelia that lacked normal stratification, consistent with loss of the established functions of KLF5 in proliferation and migration of nontransformed esophageal keratinocytes (14, 36) .
These findings suggested that KLF5 loss might be a critical event in human esophageal squamous cell carcinogenesis. Thus, we examined KLF5 expression in esophageal squamous cell cancers and adjacent dysplastic and normal epithelia. In normal epithelia, KLF5 was expressed in a gradient from the basal layer toward the surface, with highest levels in the proliferative zones (Fig. 5A) . Unlike p53, which is mutated or lost early in esophageal tumorigenesis (4, 6), KLF5 was highly expressed in dysplastic epithelia. However, KLF5 expression was decreased markedly in invasive squamous cell carcinoma. NOTCH1 was expressed in a similar pattern in normal epithelia and was also absent from invasive cancer ( Supplementary Fig. S9A ). Quantitatively, KLF5 expression increased significantly from normal to high-grade dysplasia but decreased significantly in invasive cancer (Fig. 5B) . KLF5 expression was also decreased or absent in 13 of 13 human esophageal squamous cell cancer lines (Fig. 5C) , and loss of KLF5 correlated with decreased NOTCH1 expression and loss of p53 function, assessed by expression of the p53 target p21
Waf1/Cip1 (Fig. 5D ). As in T-TeRas cells, KLF5 expression in squamous cancer cells was restored by demethylation.
The pathobiology of esophageal squamous cell cancer is typical of cancers of stratified squamous epithelia (3, 4) , and p53 inactivation is common but not causative in these cancers (9) . We thus examined whether KLF5 loss in the context of p53 loss or mutation was broadly applicable to squamous cell carcinogenesis. In fact, KLF5 was decreased in 8 of 9 squamous cell cancer lines from oropharynx, lung, skin, and cervix ( Supplementary Fig. S9B ). Most of these established cell lines contain known p53 mutations; in other cases, such as SiHa and HeLa, p53 is wild type but is functionally inactivated by human papilloma virus (HPV; ref. 11). Interestingly, only a fraction of women infected with high-risk HPV types develop cervical cancer, indicating that additional factors contribute to malignant progression (12) . Similar to our findings in esophageal keratinocytes, KLF5 suppression in combination with p53 R175H transformed primary epidermal keratinocytes (Supplementary Fig. S9C and D) .
Discussion
p53 mutations are relatively early events in squamous cell carcinogenesis but by themselves are not sufficient for the development of human squamous cell cancer (4-6). Here, we identify the zinc finger protein KLF5 as a key determinant of invasive squamous cell cancer. KLF5 loss together with a naturally occurring p53 mutation or p53 loss leads to keratinocyte transformation and invasion by loss of NOTCH1 transactivation. Although human dysplastic epithelia accumulate KLF5, esophageal squamous cell cancers have concurrent loss of KLF5, functional p53, and NOTCH1.
The effects of p53 mutations are variable, and almost 80% of p53 mutations in cancer are missense mutations, leading to the synthesis of a stable protein that lacks typical DNAbinding activity (10) . The p53 R175H mutation, in particular, results from a single amino acid substitution and confers both gain-and loss-of-function properties (44) . These gain-of-function properties may explain subtle differences in the effects of p53 R175H versus p53 suppression in keratinocytes with KLF5 suppression. Nonetheless, because NOTCH1 is decreased and KLF5 binding to the NOTCH1 promoter increases in cells with knockdown of p53 by shRNA, these effects are not specific to p53 R175H gain-of-function properties. Moreover, although NOTCH1 may not be the only common target for KLF5 and p53, it seems that regulation of NOTCH1 is especially critical for squamous cell transformation, as NICD induction can reverse the effects of KLF5 and p53 loss. The KLF family member KLF4 is also expressed in esophageal epithelia and could theoretically compensate for loss of KLF5 function. However, KLF4 and KLF5 generally have opposing effects (47) and, within esophageal squamous epithelia, are expressed in different cell populations (19) .
Although we have focused here on squamous cell biology, p53 status might similarly determine KLF5 function during epithelial transformation in the intestine or other tissues. In the intestine, KLF5 promotes proliferation in nontransformed epithelial cells but inhibits proliferation in cancer cell lines (21) . In mice with Apc Min/þ and KRAS
V12
, Klf5 haploinsufficiency decreases the formation of premalignant intestinal adenomas (48, 49) ; an effect of KLF5 on adenocarcinoma development in vivo has not been reported. Importantly, although NOTCH1 is a tumor suppressor in keratinocytes, Notch signaling may be tumor promoting in the intestine and other tissues (50) (51) (52) . Thus, in these tissues, other KLF5 and p53 targets may be of greater importance. Notably, KLF5 is deleted or downregulated in other cancers, including breast and prostate (53, 54) .
In conclusion, we propose a model (Fig. 6 ) in which p53 normally binds to NOTCH1 but can be replaced by KLF5 when p53 binding is lost in dysplasia, an early event in squamous cell carcinogenesis. Subsequent KLF5 loss leads to failure to transactivate NOTCH1 and, potentially, other target genes and drives squamous cell transformation and invasive cancer. Thus, our findings explain why p53 loss or mutation may be necessary but not sufficient for development of human squamous cell cancers and suggest that KLF5 loss is a valuable diagnostic and therapeutic target for esophageal cancer, a significant cause of morbidity and mortality, for cancers of other stratified squamous epithelia, and, potentially, for other cancers associated with p53 mutation or loss.
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